Abstract-Minimally invasive abdominal surgery (laparoscopy) results in superior patient outcomes compared to conventional open surgery. However, the difficulty of manipulating traditional laparoscopic tools from outside the body of the patient generally limits these benefits to patients undergoing relatively low complexity procedures. The use of tools that fit entirely inside the peritoneal cavity represents a novel approach to laparoscopic surgery. Our previous work demonstrated that miniature mobile and fixedbased in vivo robots using tethers for power and data transmission can successfully operate within the abdominal cavity. This paper describes the development of a modular wireless mobile platform for in vivo sensing and manipulation applications. Design details and results of ex vivo and in vivo tests of robots with biopsy grasper, staple/clamp, video, and physiological sensor payloads are presented. These types of self-contained surgical devices are significantly more transportable and lower in cost than current robotic surgical assistants. They could ultimately be carried and deployed by nonmedical personnel at the site of an injury to allow a remotely located surgeon to provide critical first response medical intervention irrespective of the location of the patient.
I. INTRODUCTION

L
APAROSCOPY is minimally invasive surgery performed in the abdominal cavity with long, slender tools that are inserted through small tool ports (trocars) placed in the abdominal wall of the patient. Laparoscopic procedures result in improved patient outcomes compared to conventional open surgical procedures [1] - [3] . Although laparoscopy has been overwhelmingly adopted for relatively simple procedures (e.g., gallbladder removal), it has seen limited application to more complex ones. This is principally because current tools and approaches impose significant constraints on the surgeon that result in severe ergonomic limitations, reduced dexterity, and limited perception [4] , [5] .
Robotic surgical tools have removed some of the limitations and reduced complications associated with traditional manual laparoscopy. Advantages of robots such as the da Vinci Surgical System include tremor reduction, additional articulations in surgical instruments, stereoscopic vision, corrections for motion reversal, and motion scaling [6] - [8] . However, these robots are all situated outside the patient and thus remain subject to the dexterity limitations imposed by the use of long tools inserted through small incisions. Most studies suggest that current externally situated robotic systems offer little or no improvement over standard laparoscopic instruments in the performance of basic skills [9] , [10] . Furthermore, da Vinci is expensive, cumbersome, tool changes are difficult [1] , [11] , and significant setup time and operational space are required [12] . Many current efforts are focused on developing new robots and tools that improve mobility and sensing capability while reducing complexity and cost [13] - [17] .
Other work is focused on developing robots in which all or most of the device enters the body. The simplest mechanisms have been maneuverable endoscopes for colonoscopy and laparoscopy [18] , [19] . Some in vivo robots have been developed that apply radial pressure to the walls of hollow cavities, allowing them to explore organs such as the colon or esophagus [20] - [22] . Others employ a suction-based drive to move across the surface of a beating heart [23] , [24] , or are affixed to the inside of the abdominal wall to provide visual feedback [25] , [26] . Another approach is an untethered pill that is swallowed and returns thousands of images as it passively moves through the gastrointestinal (GI) tract [27] - [30] . Similar devices with active locomotion or clamping systems are currently under development [31] - [33] .
An alternative approach for robotic surgical systems involves placing miniature robotic assistants entirely inside the abdominal cavity of the patient. The use of in vivo robots that can be inserted through a small incision and fit entirely within the peritoneal cavity represents a novel approach to laparoscopic surgery. The in vivo robots described earlier require narrow cavities or natural processes for their mobility systems to function, and/or external connections for actuation, power, and tool control. The open environment of an insufflated abdomen during laparoscopic surgery is incompatible with most of these approaches.
Our previous work focused on developing a family of in vivo fixed-base and mobile robots that can successfully operate within the abdominal cavity. All of these robots relied on tethers for power, control, and data transmission, and each robot was wholly designed for a specific task. They have been used to enhance the ability of laparoscopic surgeons to visualize the surgical field [34] , [35] and obtain tissue samples during a single-port liver biopsy in a porcine model [36] . They were also used in the first application of miniature in vivo robotics to support laparoscopic urological surgery [37] . The latter study was the first use of these in vivo robots by surgeons and researchers not associated with their development. During the course of two radical prostatectomy and nephrectomy canine procedures, the surgeons found that the in vivo robots improved performance by providing additional views of the operative field without being limited by a fixed port position at the abdominal wall. However, several significant shortcomings of the robots were identified, including operational interference caused by the tether, and the lack of manipulation and sensor capabilities.
This paper presents our current progress toward developing wireless, modular in vivo robots that can provide vision, sensory, and task assistance during laparoscopic surgery. We include design details and results of ex vivo and in vivo tests of modular wireless wheeled robots with biopsy grasper, stapler and clamp, video camera, and physiological sensor payloads. A modular design approach facilitates rapid development of different payload capabilities without altering the power and control portion of the mobile platform. The ability to control and communicate with the robots without physical connections for power or bidirectional data telemetry enables a surgeon to arbitrarily relocate the robots within the abdominal cavity without interference from one another. Moreover, multiple robots can be introduced through one incision, thereby making single-port surgical procedures possible. They also have the potential to be field-configurable for specific applications.
II. ROBOT DESIGN
The general design of the wireless in vivo mobile robotic platform builds upon our earlier work developing tethered robots [36] , [38] , [39] . It consists of a cylindrical inner housing, two wheels that slip over the housing, and a tail that can be collapsed into the wheel treads when the robot is inserted or retracted through a trocar. The wheels allow for forward, reverse, and turning motions, and the tail prevents counter rotation of the robot body when the wheels are turning. Depending on the modular payload, the tail can be as simple as a stainless steel coiled spring. In the case of a biopsy grasper arm or other payload that protrudes perpendicularly from the body, the payload arm itself can function as a tail.
A. Robot Base Design
The construction of the robot inner housing differs in several significant ways compared to previous efforts. The housing itself is modular, consisting of two halves with each half comprised of two clamshell-like pieces with a semicircular profile. Stereolithography prototyping techniques are used to manufacture the housing components out of UV-cured PolyJet FC720 Clear 83D. The housing components are assembled using UV-cured adhesive and mechanical fasteners.
Each half of the inner housing has a specific purpose. One half of the body houses the power plant (i.e., battery), the master control microprocessor and RF communication electronics, and a permanent-magnet dc (PMDC) wheel motor. The second half of the body also houses a wheel motor, but the majority of the volume is a dedicated payload space. This design approach provides a common mobile platform that can be easily reconfigured for a variety of task specific applications.
B. Wheel Design
We have previously explored the nature of wheel-tissue interactions through analytical modeling, empirical analysis of experimental tests, and numerical finite-element analysis [36] , [38] , [39] . This study provides a basis for understanding how changes in robot mass and wheel geometry affect robot mobility, and was used to design wheels for the current application. These wheels are 20 mm in diameter with nine helical grousers arranged in a corkscrew pattern. The grousers are 1.5 mm deep, 1.75 mm thick, and are spaced at 7 mm intervals. The pitch angle is 10.6
• so that a minimum of two grousers are in surface contact at all times to ensure a smooth motion profile. The wheels are bored to accommodate the robot body housing and have an inside diameter of 16.25 mm with a wall thickness of 0.375 mm. The grouser treads provide additional mechanical support to the thin walls. At the end of each wheel is a small ball-like feature that facilitates handling of the robot by the surgical team using laparoscopic tools during insertion and retraction. The wheels are manufactured using the same stereolithography techniques and materials as used for the robot body housing.
Each wheel is actuated by a 6-mm-diameter PMDC motor with a 256:1 gear ratio manufactured by MicroMo. A spur gear on the motor shaft couples the motor to a spur gear and bearing assembly mounted on the end of each wheel. A schematic and exploded view of the robot platform is shown in Fig. 1 .
C. Electronics and Communications
The robot master control circuit board is a custom designed double-sided surface mount printed circuit board that incorporates an RF transceiver, a multichannel motor driver IC, and a master microprocessor control unit (MCU). The communication unit is built around a Nordic nRF2401A 2.4 GHz ISM band single-chip radio transceiver. This low-power, fully integrated transceiver is capable of error-checked data rates up to 1 Mb/s in a burst mode. Because there are 125 receive/transmit channels, multiple robots can be used simultaneously without interfering with one another. The transceiver is configured using a threewire serial interface to the control board MCU. A differential to single-ended matching network based on the Nordic nRF2401 reference design is used to accommodate a single-ended connection to a 50-Ω -chip antenna (LINX ANT-2.45-CHP).
A Toshiba TB6557FLG motor driver IC is used to provide up to six H-bridge (two constant current-controlled and four voltage-controlled) output drivers. This IC is also configured using a three-wire serial interface to the MCU. Two of the voltage-controlled outputs are generally dedicated to controlling the PMDC wheel motors. A third voltage-controlled output is used in the biopsy, staple, and clamping robots to drive the tool motor. Other types of actuators and components can be accommodated with the current design. For example, it is anticipated that the constant current-controlled outputs will be used in a future robot to control a voice coil actuator as part of an adjustable focus camera system.
The master MCU is a PIC16LF767. This low-power processor includes a 10-bit analog-to-digital converter with up to 11 input channels, three independent pulse-width modulation modules, and extensive power-management features that can minimize power requirements. In its current configuration, the processor operates at 4 MHz, although a variety of lower or higher frequencies can be used. The MCU is responsible for configuring the various robot peripherals (e.g., transceiver and driver IC), reading sensor data, controlling actuators, data transfer, and other housekeeping tasks.
All onboard power is provided by a single high-power 185 mAh lithium organic cell battery (Tadiran TLM-1520MP). This battery has sufficient energy density to operate the robot for at least 2 h with all motors running continuously. A stationary sensor robot will operate for 4 h. A typical laparoscopic cholecystectomy takes 30-45 min; a laparoscopic liver biopsy requires significantly less time. The current robot therefore has sufficient energy reserves to support or perform these most common procedures.
External control systems have also been developed to send control commands to the robot and process the in vivo data telemetry stream. These systems incorporate the same microprocessors and RF transceivers as the in vivo robots. Additional components are included as human interface devices (e.g., joysticks to control the robot wheels), and the MCU software is modified to reflect these differences. 
D. Ceiling Pan/Tilt (CPT) Robot Design
A robotic platform that could be magnetically attached to the inside of the abdominal wall was also created (Fig. 2) . This robot contains a color CMOS imager and LED lighting payload that provides visual feedback from the operating field. The ceiling pan/tilt (CPT) design replaces the two wheels used for the mobile robot with a single outer cylindrical housing supported by bearings at both ends. This outer housing also incorporates a viewing slot for the camera and LEDs, and magnetic end caps to provide for attachment to an external magnetic handle. The magnetic attachment mechanism allows the surgeon to pan the in vivo camera by sliding the handle across the abdominal wall of the patient. A PMDC motor and spur gear combination in the robot allows the inner robot housing body containing the camera payload to rotate (tilt) relative to the outer housing.
III. MODULAR PAYLOAD DESIGN
A. Biopsy Grasper and Actuator
Traditional cable-operated laparoscopic biopsy grasper jaws do not overlap or completely sever tissue. Consequently, laparoscopic biopsies are typically "grasp and tear" procedures that require a relatively large amount of force to tear the sample away from the organ. Because the motors used to actuate the in vivo robots cannot directly generate sufficient forces to do this, we developed an actuation mechanism with a large mechanical advantage that would sever the tissue.
A number of alternative biopsy designs were developed and tested. As previously described [36] , early design efforts used a PMDC motor slider mechanism to actuate a set of standard laparoscopic biopsy graspers. This attempt to replicate the laparoscopic "grasp and tear" biopsy procedure yielded inconsistent results because the mobile platform lacked sufficient traction to routinely and reliably tear the partially severed sample from the main tissue body. Other early design approaches included using a four-bladed mechanism similar to a tree spade to extract a tissue sample, and a garage door-type mechanism that would close over and slice a sample from a protruding edge of tissue. Both approaches were limited by frictional forces that impeded the motion of the blades. Another concept used a flat sliding blade to cut a sample from tissue that had been sucked into a reservoir using a vacuum. Drawbacks to this approach included generating sufficient suction forces and proper placement of the robot for sampling. Finally, a grasper arm with a Nitinol blade was developed. While this approach worked moderately well, it was difficult to sharpen the blade and the Nitinol did not hold an edge well, making it difficult to routinely sever a specimen completely.
Following a lengthy series of bench top tests, a promising preliminary general mechanism design was identified (Fig. 3 ). The prototype biopsy grasper resembles a jaw. Unlike other laparoscopic biopsy forceps in which both jaws are hinged about a pivot point, only one jaw of the robotic grasper moves during sampling. The lower jaw remains stationary and provides a rigid and stable base against which the upper jaw can cut. In addition to providing a large mechanical advantage, this design can accommodate storing multiple tissue samples and, with small changes, can be used with a variety of other end-effectors (e.g., a clamp to hold tissue and/or control hemorrhaging).
The upper jaw is constructed out of a super-elastic shapememory nickel titanium alloy (Nitinol) ribbon (Memry Corporation) 0.25 mm thick and 3 mm wide. It is profiled such that the grasper is normally open. A wide variety of profiles can be achieved by heat-treating the ribbon for approximately 10 min at 500
• C, followed by quenching in water. The Nitinol ribbon is glued to a fixed nylon rod insert that fits inside the bottom jaw. The nylon rod is also glued to the housing of the robot, which anchors the grasper when the collar is actuated. The fixed bottom jaw is constructed from a hypodermic medical stainless steel tube and it forms a reservoir for storing multiple samples. The blades of the grasper are approximately 1.5-mm-long segments cut from sharpened titanium-nitrate-coated stainless steel tubes. They are glued to small plastic inserts fixed to the top and bottom jaws. The bottom blade has a circular profile with a diameter of 3 mm. The semicircular top blade is 3.8 mm in diameter and overlaps the bottom blade when the jaw is closed.
A tissue sample is obtained by using a PMDC motor to actuate a collar that slides over the grasper (direction A in Fig. 3 ). As the top jaw closes (direction B), the upper and lower cutting surfaces overlap and sever the tissue sample. When implemented on a robot, the biopsy arm is perpendicular to the robot body and actuator motor. Therefore, an actuation linkage inspired by our previous work [36] is used to transform the direction of translation of a lead nut driven by the motor to an axis inline with the movement of the collar. The limit of translation of the lead nut is such that the linkage approaches a mechanical singularity at the point of grasper closure, producing a large mechanical advantage.
Biopsy grasper arms based on variations (e.g., different jaw lengths, opening angles, profiles) of the preliminary design were constructed and tested using a bench top jig. The principal goal was to investigate the effects of different grasper profiles and lengths on the forces required to actuate the mechanism. Each complete test consisted of 50 actuations of the candidate biopsy graspers, starting with the graspers completely open and finishing with them completely closed. A load cell measured the axial force in the nylon supporting rod as the motor and lead screw linkage were used to slide the grasper collar over the jaws. Force data were recorded at a rate of 20 Hz during each actuation.
The results of these tests were used to develop a final candidate grasper arm design. This grasper is approximately 14 mm long with a profile angle of 30
• . The top cutting blade protrudes 2 mm from the top jaw and is mounted at a slight angle so that it closes tightly over the bottom blade. The bottom blade is 1 mm long. Mean results from the required force test for this grasper are shown in Fig. 4 . The error bars indicate the standard deviation in the measured forces at intervals of approximately 1.8 s. The maximum required actuation force of 2.83 N occurs at the very start of the motion of the collar as it overcomes static friction and begins flexing the top jaw of the grasper. The force decreases with time as the contact point between the collar and the top jaw moves farther away from the anchor point.
Following the actuation force tests, the maximum force that could be applied by the actuation mechanism was determined by holding the collar fixed at various positions with the grasper jaws ranging between fully open and fully closed. At the start of actuation, with the biopsy grasper fully open, the maximum force that could be applied was 7.3 N. This is greater than twice the force required to begin to close the jaw. As the collar slides along the biopsy arm, the angle between the collar and the lead screw linkage decreases and the maximum applied force increases to approximately 13.2 N at the translation limit of the collar. During these tests, the motor was operated using a power supply with the same voltage (4 V) as the battery used to power the robot. The maximum stall current was approximately 400 mA, well below the peak current (2.5 A) that can be supplied by the battery. 
B. Stapling and Clamping
With relatively small modifications, the basic design of the biopsy grasper and actuation mechanism can be used for other applications. As an example, a second mobile robot was developed that incorporated a stapling and clamping end-effector in place of the biopsy grasper. The tip of the upper jaw of the biopsy arm was modified to accommodate a standard laparoscopic staple. The plastic inserts in the upper and lower jaws were modified to contain a channel for the staple. Once snapped into place, the staple is securely held within the jaws until the collar is actuated. When no staple is present this arm can also be used for applications requiring clamping and holding, such as applying pressure to a bleeding blood vessel or manipulating tissue. With the exception of these minor changes, the mobile robot is unchanged from the overall modular design described in Section III. The biopsy robot is shown in Fig. 5 (top) . For comparison, the stapling/clamping robot is shown in Fig. 5 (bottom).
C. Sensing
During laparoscopic surgery, the abdominal cavity is insufflated with CO 2 to provide maneuvering space for tools and instruments. The temperature, pressure, and (sometimes) humidity of this gas are monitored only externally to the body, and local conditions can vary dramatically. It is important for patient health and well-being during surgery that stable conditions are maintained. Without local measurements of these parameters, the actual conditions can only be estimated.
An exploded view of a modular wireless mobile robot platform equipped with a physiological sensor payload is shown in Fig. 1 (bottom) . This platform has been used to demonstrate the feasibility of in vivo sensory feedback. The sensor payload is a custom designed printed circuit board (PCB) currently configured to monitor temperature (T), pressure (P), and relative humidity (RH), although a variety of other sensors (e.g., pH, glucose level) can also be accommodated. The module also in- cludes additional electrical components and circuitry for power management and conditioning and requires connections to the master control board for only power and data communication.
Temperature and relative humidity are measured using a single-chip sensor module (Sensirion SHT15). This chip provides a calibrated digital output for both T and RH via an onboard 14-bit analog-to-digital converter. The data are transferred to the master MCU via a two-wire serial interface. Pressure is monitored using a Freescale Semiconductor absolute pressure sensor (MPXH6300A), which has a full range of 300 kPa, and a sensitivity of 16.2 mV/kPa. A charge pump (Microchip MCP1252) is used to boost the 3.0 V supplied by the master control board to the 5 V required by the sensor. Integrated on-chip conditioning networks provide a high output, temperature compensated signal, which is measured by the master MCU using its analogto-digital converter.
D. Camera
The camera system payload developed for use in the CPT includes an MT9V125 color digital CMOS image sensor from Micron. This 0.25-in sensor has a 640 × 480 active pixel array with both National Television System Committee (NTSC) and phase alternating line (PAL) analog composite video outputs. It also has numerous features that can be used to optimize image quality, such as color correction, automatic white and black balance, gamma correction, and color correction. A matched, multielement Sunex lens (DSL758C) is used in a fixed-focus configuration that provides a depth of field of 4 cm to infinity. Illumination is provided by 5-mm-diameter 20 000 mcd white LEDs (LED5 15DG). A diffuse illumination pattern was obtained by filing off the LED lens assembly from the body of the device. The video output from the camera system was transmitted to the operating room monitor using a small tether because a high-quality miniature wireless video transmitter was unavailable. All power was provided by the on-board battery, and command and control data transmission was wireless.
IV. In Vivo RESULTS
The in vivo performance of the robots was characterized in porcine models under an Institutional Animal Care and Use Committee approved protocol. The female swine is generally accepted as the best model for laparoscopic surgical training and testing because its internal anatomy and the size of the peritoneal cavity most closely resemble human anatomy.
A. Mobility
The ability of wireless robotic platforms to maneuver within the in vivo environment was first demonstrated by inserting two robots into the abdominal cavity (Fig. 6, top) . One robot was equipped with a sensor payload and the other with a biopsy grasper payload. Both robots successfully navigated throughout the abdominal cavity. They were able to traverse over and across all of the abdominal organs (e.g., liver, spleen, and bowel) without causing any visible tissue damage. Video recorded through a laparoscope was used to reconstruct the paths traversed by the robots, a portion of which is shown in Fig. 6 (bottom) . Both robots were able to negotiate sharp turns within the confines of the abdominal cavity. This ability is facilitated by the fact that both wheels are independently driven, which allows the robots to turn in place.
Multiple robots could be used at the same time because communication to and from each robot used different radio frequencies. Without interference from a tether, the robots were able to climb over one another as easily as they were able to climb over abdominal organs. The robots never became trapped by becoming stacked on top of one another. However, occasionally a robot could find itself stuck in areas such as an especially deep fold in the bowel, or under an organ that moved due to surgeon manipulation or repositioning of the animal. In these cases, the robot was extricated with a laparoscopic grasper tool that could grab the ball-like feature found on the end of each wheel.
B. Biopsy
The biopsy robot was used to sample hepatic tissue during the porcine surgery. The robot was driven up to the point of interest, and the biopsy grasper was then used to clamp onto the tissue while being entirely remotely controlled (Fig. 7, top) . The actuation mechanism closed the jaws onto the sample, and the robot was then driven away from the sample site, separating the sample from the liver. Finally, the jaws were opened and the specimen was retrieved using a laparoscopic tool (Fig. 7,  bottom) . Several additional samples were collected to demonstrate device repeatability. These samples were collected from the jaws after the robot was removed from the in vivo environment. A typical multisample robotic biopsy procedure requires approximately 3 min for insertion and navigation to the biopsy site, 1-2 min to obtain each sample, and 2 min for retraction from the abdominal cavity. The total procedure required 12-15 min, well within the operational time provided by the onboard battery.
C. Stapling and Clamping
The next test demonstrated the feasibility of in vivo robotic stapling and tissue manipulation. The stapling/clamping robot was first used to place a staple around a branch of the small intestine artery. Shortly after this, one of the PMDC motors failed and the robot was removed from the animal. The staple arm was then detached from the body of the robot and reinstalled on the body of the biopsy robot, which had previously been removed from the peritoneal cavity. This robot was then reinserted into the abdominal cavity of the animal and used for the remainder of the test. This entire process took less than 5 min and serendipitously demonstrated the value of a modular design and the potential for field configurability of these robots.
The reconfigured biopsy/staple robot was then used to grasp and clamp various tissues and organs within the peritoneal cavity. Fig. 8 shows the robot applying clamping pressure to a portion of the liver. Sufficient traction and grasping forces were generated to permit the robot to drag and reposition this portion of the liver during the test.
D. Camera
The CPT robot was tested in vivo in a porcine model to demonstrate vision assistance for the surgical team. After insertion, the CPT was magnetically attached to the abdominal wall (Fig. 9, top) . The surgical team controlled the video image by moving (panning) the external handle and by using the wireless control system to rotate (tilt) the inner housing relative to the outer housing. Illumination was provided solely by the onboard LEDs. The CPT provided visual feedback of the entire abdominal cavity and was particularly useful for following the motion of the sensor robot (Fig. 9, bottom) .
E. Telemetry and Sensing
The telemetry and sensor platforms have also been used in a series of in vivo tests in porcine models to evaluate overall system performance. The reliability of the telemetry system was first independently examined in [40] . A master control circuit board (without the driver IC) and battery were mounted in a protective silicon tube and placed into an insufflated porcine abdominal cavity. An ex vivo transceiver board located approximately 5 m from the operating table was used to send commands to the in vivo transceiver at a rate of approximately 1 Hz. The in vivo device relayed the received commands to a second ex vivo receiver. The data arriving at the ex vivo receiver were recorded to monitor the reliability of transmitted commands to and from the peritoneal cavity. Fig. 10 (top) shows the percentage of packets successfully received in vivo during a 50-min span. Approximately 90% of all packets were successfully received in vivo for the duration of this test. Reliability for in vivo to ex vivo transmission was approximately 85% during this same period. Similar results were obtained in subsequent tests.
In a separate test, a complete sensor module was integrated into the mobile robotic platform and the ability to monitor in vivo physiological parameters was evaluated. Fig. 10 (bottom) shows a typical plot of T, P, and RH variations. This telemetry was monitored and recorded at a workstation approximately 5 m from the operating table. The data clearly track significant events during the test. The temperature, initially indicating room temperature, shows a rapid rise upon insertion into the abdominal cavity. The pressure and relative humidity data also show increases corresponding to the conditions within the insufflated cavity. The insufflation pressure was cycled several times during the course of the test, and those fluctuations are also apparent in the recorded data stream. After approximately 88 min, the robot was removed from the abdominal cavity, and the temperature and pressure return to ex vivo conditions. The relative humidity, however, continues to increase. A small amount of fluid was later found trapped within the body of the robot, which explains the high ex vivo humidity reading.
Quantitative in vivo evaluation of properties such as transceiver antenna radiation patterns or tissue losses was not practical during development work or in the current context of a mobile telemetry platform. These properties depend upon many factors, including transceiver orientation and tissue composition. Real-time 3-D localization of the mobile platform within the peritoneal cavity was beyond the scope of this project. The effects of tissue losses vary widely depending upon factors such as tissue composition (e.g., fat, muscle, bone), layer thickness and geometry, and histological characteristics. The results presented in this paper suggest that the current design is robust and capable of reliable transmission of data and control telemetry in the dynamic and varied environment of the in vivo abdominal cavity.
V. DISCUSSION
In vivo mobility tests demonstrated the ability of the robotic platform to climb organs two to three times its own diameter as it navigated throughout the abdominal cavity. The size of the device did not appear to have a significant effect on its ability to maneuver within the confines of its environment. In the long term, however, a smaller size is desirable even if only to facilitate its use with smaller standard trocars. The size of the current robots is currently driven by the size of the off-the-shelf internal components, particularly the battery. Past experience suggests that with some custom fabrication (e.g., circuit boards and electronic components) and a smaller battery (i.e., shorter operating time), a reduction in overall robot size of 20%-25% is possible.
The mobility tests also demonstrated that the robots could traverse internal organs without causing any visual tissue damage. This is consistent with the results of our previous studies. One of those studies [39] used finite-element analysis to examine the relationship between induced tissue stress and robot characteristics (e.g., wheel design, robot mass). The maximum von Mises stress calculated for a robot similar in size and weight to those described in the current study was 2.2 kPa for a liver tissue model. This is significantly less than the stresses induced when surgeons handle tissue using traditional tools. During routine laparoscopic procedures, grasping forces as high as 40 N have been recorded [41] , corresponding to a tissue pressure of approximately 400 kPa. This suggests that in vivo robot-induced tissue damage will be negligible compared to conventional procedures.
More recently, we conducted a series of survivable animal studies that clinically demonstrated that these types of in vivo robots can be used without causing organ or tissue damage [42] . Three porcine cholecystectomy procedures were performed using in vivo robots to provide surgical assistance. Following each procedure, the animal was transferred to a care facility and monitored for 14 days for signs of infection or other distress. At the end of the observation period, the animal was sacrificed and visual, tactile, and histopathological exams were conducted. No abnormalities, infections, tissue damage, or other complications were found in any of the animals.
The robots described in the current study were manufactured using stereolithography prototyping techniques to reduce development time. The biocompatibility of this material was not considered at this stage, nor were the resulting robots completely sealed. We would expect that in actual use devices such as these would be hermetically sealed and made of biocompatible material, as were the robots used in the survivable animal studies described earlier. Those robots, also based on original laboratory prototypes, were constructed using medical grade polycarbonate and acrylonitrile butadiene styrene (ABS). Before they were used, the robots were sterilized using either ethylene oxide gas or the STERRAD Sterilization System. This prior work therefore also demonstrates the feasibility of creating robust, medically compatible in vivo robots based on prototypes such as those discussed in the current study.
VI. CONCLUSION
A modular wireless wheeled robot platform was designed that can accommodate various payload options to provide in vivo surgical vision and task assistance. The ability to rapidly develop and implement a variety of payloads was facilitated by taking a modular design approach that obviated the need for wholesale redesign of the entire robotic system for each unique application. The robot body consists of two distinct halves. One half is dedicated to the power plant and master control and communication electronics that are common to all robot variations. The second half has a payload bay that can hold a variety of sensing and/or mechanical components.
Several payload options were designed, tested, and incorporated into complete robots that were tested in vivo in a porcine model. A biopsy grasper and actuation mechanism payload provides the ability to obtain multiple tissue samples. The actuator and linkage mechanism provides two to five times the force required to close the grasper jaws. This actuator and linkage system was also incorporated into a stapling and clamping payload that can be used for applications such as control of bleeding or tissue manipulation. A physiological sensing payload was implemented to remotely monitor temperature, pressure, and relative humidity levels within the abdominal cavity without requiring external connections.
The ability to control and communicate with the robots without requiring any physical connections for power or bidirectional data telemetry was demonstrated. The robots were able to navigate throughout the entire abdominal cavity without causing tissue damage. Multiple robots, each communicating on a unique frequency, could be used simultaneously without interfering with one another. The reliability of the wireless transmission link and the ability of the sensor payload to track in vivo environmental conditions were also tested and characterized.
Finally, a camera system and lighting payload was developed and incorporated into the modular robotic platform. The outer housing of this platform was modified to accommodate a magnetic attachment mechanism. This system was then magnetically attached to the inside of the abdominal wall of the animal and used to provide video feedback of the in vivo environment during the mobile robot tests.
The current work is focused on developing a robust model to describe the cutting of biological soft tissue because it is difficult to measure or characterize in vivo properties of tools or soft tissue on a consistent basis. Experiments can be done ex vivo or in vitro, but the material properties generally differ greatly from living tissue. There are also few, if any, detailed studies regarding the cutting and tearing procedures necessary to sever different types of biological tissue. The cutting model will be used to guide the development of more efficient end-effectors for a variety of biological soft tissues.
Future work includes developing additional payload options. One goal is to integrate a sensor payload and a grasping manipulator onto a single wireless mobile platform that could be used for targeted therapeutic diagnoses and interventions. A second goal is to develop a flexible or retractable end-effector arm so that these robots can be inserted into the abdominal cavity through standard size laparoscopic trocars. Implementation of a completely wireless, adjustable focus camera system is also ongoing.
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